Abstract. Like many other solid tumors, cervical cancer contains a heterogeneous population of cancer cells. Several investigators have identified putative stem cells from solid tumors and cancer cell lines via the capacity to self renew and drive tumor formation. The aim of this study was to identify and characterize a cancer stem-like cell population from primary carcinoma of the cervix uteri. Cervical carcinoma from 19 patients staged I-II following International Federation of Gynecology and Obstetrics (FIGO) criteria were disaggregated and subjected to growth conditions selective for stem cells. Eight of nineteen tumor-derived cultures encompassed stem-like cells capable of self-renewal, extensive proliferation as clonal non-adherent spherical clusters. Cell markers of spheroid were identified as CD44 + CK17 + . Cell survival assays showed the sphereforming cells were only 48% inhibited by doxorubicin whereas 78% inhibited by paclitaxel. Chemo-resistance may partly attribute to the exclusive expression of ABC transporter. To investigate the tumorigenicity of these stemlike cells, xenoengraftment of 10 5 dissociated spheroid cells allowed full recapitulation of the original tumor, whereas the same amount of tumor cells without non-adherent spheroid selection remained non-tumorigenic. Stemness properties of these spheroid cells were further established by reverse transcription-PCR and Western blotting, demonstrating the expression of embryonic and adult stemness-related genes Piwil2, Stat3 and Sox2). Based on these findings, we assert that cervical cancer contain a subpopulation of tumor initiating cells with stem-like properties, thus facilitating the approach to therapeutic strategies aimed at eradicating the tumorigenic subpopulation within cervical cancer.
Introduction
Cervical cancer is one of the most frequent diseases in women and a considerable cause of morbidity and mortality among them. It is the second most frequent type of cancer in women worldwide, preceded only by breast cancer (1, 2) ; each year 500,000 women worldwide are diagnosed with invasive cervical cancer and more than half of them die of this disease. Eighty percent of these deaths occur in developing countries. It is therefore essential that we develop a deeper understanding of the biology of this disease to develop more effective therapies.
An increasing number of studies have shown the association between high-risk human papilloma virus (HPV) infection and cervical carcinogenesis, which leads to ongoing mutations and cellular heterogeneity (3, 4) . A growing body of evidence has been reported supporting the notion that tumors are organized in a hierarchy of heterogeneous cell populations with different biological properties and that the capability to sustain tumor formation and growth exclusively resides in a small proportion of tumor cells, termed cancer stem cells (CSCs) or tumor-initiating cells (TICs) (5) (6) (7) . TICs have been identified in multiple myeloma (8) , cancer cell lines (9, 10) and in solid tumors of the breast, ovary, endometrum, prostate, brain, and lung (11) (12) (13) (14) (15) (16) , through an experimental strategy that combines sorting of tumor cell subpopulations, identified on the basis of the different expression of surface markers, with functional transplantation into appropriate animal models. These studies have shown that TICs are responsible for tumor formation and progression and, interestingly, that they are endowed with stem/progenitor cell properties; in particular, TICs share with stem cells the key feature of self-renewal.
The stem cell-like phenotype of TICs and their limited number within the bulk of the tumor may account for their capability to escape conventional therapies, thus leading to disease relapse although the primary lesion is eradicated; (10) , who identified the existence of a small side population (SP) that is enriched for cells with the characteristics of cancer stem cells in the human adenocarcinoma line HeLa, we tried to verify the presence of a sub-population of cervical cancerderived cells that is tumorigenic and displays some stem cell-like properties.
Materials and methods
Primary tumor sphere culture. All studies were approved by the Ethics Committee of Anhui Provincial Hospital Affiliated to Anhui Medical University. Tumor specimens were obtained from 19 cervical cancer patients, staged following International Federation of Gynecology and Obstetrics (FIGO) criteria: IA 5, IB 9, IIA 3 and IIB 2. Tumors were washed with 1X PBS containing penicillin/streptomycin (10,000 U/ml and 10,000 mg/ml, respectively), mechanically dissociated and subjected to enzymatic digestion. The tissue fragments were incubated at 37˚C for 3 h in 0.6% collagenase (Gibco, USA) and then for 10 min in 0.25% trypsin (Amresco, USA). After filtered through a 30-μm cell strainer and red blood cell (RBC) lysis, the resulting single tumor cells were plated at 1x10 5 cells/well (6-well plate, Greiner, Germany) in serum-free DMEM-F12 (Gibco), supplemented with 10 ng/ml basic fibroblast growth factor (bFGF, PeproTech, USA), 20 ng/ml epidermal growth factor (EGF, PeproTech), 5 μg/ml insulin (Sigma, USA), 1 mM L-glutamine (Sigma), 2% B27 (Gibco) and penicillin/streptomycin (1,000 U/ml and 1,000 mg/ml, respectively). Stem cells grown in these conditions usually formed non-adherent spherical clusters (also named 'spheres').
Sphere formation assay. Primary spheres were enzymatically dissociated by incubation in a trypsin-EDTA solution for 2 min at 37˚C and plated in 96-well culture dishes (Greiner) at 100 cells per well in 200 μl of growth medium; 25 μl of medium per well were added every 2 days. The number of spheres for each well was evaluated after 7 days of culture.
Flow cytometric analysis. By using a FACScan (Beckman), the cell markers were distinctly evaluated on cells obtained from spheres. FITC-anti-CD34, PE-cy5-anti-CD44 and PEanti-CD105 were obtained from eBioscience and anti-CK17 (indirectly conjugated with FITC) from Pierce. Staining was done according to the instructions of the manufacturer. For staining of membrane antigens (CD34, CD44 and CD105), unfixed cells were allowed to recover in fresh medium for 1 h at 37˚C in gentle agitation after dissociation. Conversely, before staining of cytoplasmic antigens CK17, single cells were fixed in 70% ethanol at -20˚C for 10 min.
Growth inhibition by chemotherapeutics in vitro.
MTT assay was used to assess proliferation inhibition. Cells derived from sphere were plated in the inner wells of 96-well plates at 1,000 cells per well in 200 μl of medium per well. Twenty-four hours after plating, each set of 6-wells of sphere-derived cells was treated with 100 nM paclitaxel (Bristol-Myers Squibb Co., USA), a 100-nM doxorubicin hydrochloride injection (Pfizer Inc., USA), or media alone. At day 7 of incubation, cell viability was quantified by measuring mitochondrial activity on an ELISA plate reader at an absorbance of 570 nm to generate an OD proportional to the relative abundance of live cells in a given well.
Mouse model for analyses of tumorigenicity. Spheres were collected, enzymatically dissociated, washed in PBS and kept at 4˚C until subcutaneously injected into 5-week-old female nude mice (10 5 cells/animal) in the dorsal side between the scapulae. Equal amount of tumor cells without non-adherent spheroid selection were injected into another 3 mice as the control. Mice were maintained in laminar flow rooms under constant temperature and humidity. Mice were inspected for tumor appearance, by observation and palpation, for 12 weeks following cell injection; after this time interval, all mice were sacrificed by cervical dislocation and the presence of each tumor nodule was confirmed by necropsy. All experiments utilizing mouse models were performed in strict accordance with policies on the care and use of laboratory animals of the Ethics Committee of Anhui Provincial Hospital Affiliated to Anhui Medical University.
Immunohistochemistry. At sacrifice, nodules grown in mice were immediately removed, fixed in 4% paraformaldehyde and embedded in paraffin. Four-micrometer-thick sections were cut, mounted on poly-L-lysine-coated slides, dried 3 h at 56˚C, dewaxed in xylene, rehydrated according to histopathologic procedures and stained with H&E. For determining factor VIII immunoreactivity, antigen retrieval was performed by microwaving in 0.1 M citrate buffer, pH 6.0, for 10 min and cooling to room temperature. Sections were incubated overnight at 4˚C with anti-human factor VIII primary antibody (Boster, China). Immunodetection was done using the ChemMate Detection kit (Boster). After visualized with diaminobenzidine chromogen, slides were lightly counterstained with Mayer's haematoxylin for 30 sec.
Biological characterization of sphere-derived cells. Total RNA was extracted from spheroid cells using TRIzol (Invitrogen, USA). RNA was reverse-transcribed using cDNA Synthesis kit (Promega, USA). cDNA was amplified using 1 μl of the reverse transcriptase reaction products in 25 μl with 10 pmol of the primers for 35 cycles. Each cycle consisted of 40 sec of denaturation at 94˚C, 40 sec of annealing and 40 sec of extension at 72˚C. The PCR products were electrophoresed on a 1% agarose gel and visualized by ethidium bromide staining. The primer sequences used for cDNA amplification (forward and reverse) are listed in Table I . ß-actin was used as the internal control in all reactions.
Expression of Piwil2 and Oct-4 was evaluated by Western blotting. Total cellular lysates were separated on an 8% SDSpolyacrylamide gel and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, USA). Filters were blocked in TBS with 5% skim-milk and incubated overnight with the primary antibody anti-Piwil2 (Santa Cruz, USA) and anti-Oct-4 (Abcam, UK). Filters were then incubated with secondary peroxidase-linked antibody (Boster). Detection was done by enhanced chemiluminescence Western blotting detection system (Thermo, USA). Anti-ß-actin (Boster) was used to ensure equal loading of protein on the gel.
Statistical analysis. The Student's t-test was used for statistical comparisons where appropriate. A P-value of <0.05 for the t-test was considered to be statistically significant. The Statistical Package for Windows version 11 (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses.
Results

Establishment of primary cultures of stem-like cells from cervical cancer.
In 8 of 19 cases (denoted as T1-T8, 1 of 5 IA, 3 of 9 IB, 2 of 3 IIA and 2 IIB), 10 to 15 days after plating the formation of non-adherent spheres could be observed in culture (Fig. 1A) . Primary spheres could be enzymatically dissociated to single cells, which in turn gave rise to secondary spheres (Fig. 1B) ; this procedure could be repeated, leading to an extensive amplification in cell number. Using this approach, we obtained sustainable spheroids from T1-T8 under stem cell conditions establishing the ability of these anchorageindependent structures to self-renew.
Sphere-forming cells from cervical cancer express CD44 and CK17. The sphere-forming cells were negative for CD34 and CD105, which were typical hematopoietic antigen and marker of mesenchymal stem cells, respectively, and positive for CD44 and CK17 (Fig. 2) .
Sphere-derived cells are resistant to chemotherapeutic drugs.
RT-PCR was carried out in these spheroid cells from T1-T8 Table I . PCR primers used for expression analysis of the tumor-derived spheroids.
Forward primer to identify the expression of ABC transporters. The result showed that ABCG2 was exclusively expressed in T1-T8 (Fig. 3A) . To further investigate the functional significance of the ABCG2 transporter in these sphere-forming cells derived from T1-T8, we examined their response to doxorubicin and paclitaxel by methylthiazoletetrazolium (MTT) proliferation assays. All of these cells from T1-T8 were only inhibited by 48% after treatment with doxorubicin, whereas 78% were inhibited by the ABCG2-resistant paclitaxel (Fig. 3B) .
Reverse primer -----------------------------------------------------------------------------------------------------
ABCG2 GGGTTCTCTTCTTCCTGACGACC TGGTTGTGAGATTGACCAACAGACC Sox2 CCCCCGGCGGCAATAGCA TCGGCGCCGGGGAGATACAT Oct-4 GACAACAATGAAAATCTTCA TTCTGGCGCCGGTTACAGAA C-myc TGAAAGGCTCTCCTTGCAGC GCTGGTAGAAGTTCTCCTCC Piwil2 ATCGCCCTCTGGTCCTGACTGT CACATTGGGGCTGAAAGTCACA Stat3 TTGCCAGTTGTGGTGATC AGAACCCAGAAGGAGAAGC ß-actin GTGGGGCGCCCCAGGCACCA CTCCTTAATGTCACGCACGATTT -
----------------------------------------------------------------------------------------------------
Tumor-initiating capability of isolated cervical cancer stem-like cells.
Tumors appeared in three of three animals at 10 weeks after injection of 10 5 T5 or T7 sphere-forming cells, whereas animals injected with an equal number of tumor cells without non-adherent spheroid selection had no detectable tumors (zero of three) until 12 weeks (Fig. 4A) . H&E staining of tumors grown in mice revealed the presence of malignant cells and exhibited a high degree of similarity with the primary tumor in the patient. Moreover, high vessel density was observed after human factor VIII staining (Fig. 4B) .
Sphere-derived cells express embryonic and adult stemnessrelated genes. Since these sphere-forming cells exhibited the properties of stem cells, as well as the potency of tumorigenesis, we examined the expression of embryonic and adult stemness-related genes in these cells: Oct-4, Piwil2, C-myc, Stat3 and Sox2. As shown in Fig. 5 , both embryonic and adult stem cell-related genes were detected in these sphere-forming 
Discussion
The CSC hypothesis suggests that only the CSCs within the tumor can self-renew and proliferate extensively to form new tumors. It has been demonstrated for several different types of cancer that a distinct subset of cells initiates tumors in vivo, whereas the remaining cells do not (8, (11) (12) (13) (14) (15) (16) (17) . Further evidence for the CSC hypothesis comes from clinical observations, where tumors often respond to chemotherapy initially, but frequently recur, suggesting that residual stem cells remaining after therapy are responsible for tumor regeneration. In cervical cancer, as in other cancers, characterization of CSCs will allow for the development of new treatments that are specifically targeted against this critical population of cells, particularly their ability to self-renew, resulting in more effective therapies.
In this study, we have provided evidence for the existence of a developmental hierarchy within human cervical cancer; that is, human cervical cancer contain a subpopulation of tumorigenic cancer cells with both self-renewal and chemoresistance capacity.
Initially, to identify candidate of cancer stem-like cells, we cultured disaggregated tumor cells from primary carcinoma of the cervix uteri under stem cell-selective conditions. A small minority of cells could survive and form anchorageindependent clusters. Because the ability of growing as spherical clusters does not show per se the presence in culture of self-renewing cells, spheroid formation assay was examined; clonal, non-adherent spheres formed, which in turn gave rise to long-term cultures, thus providing definitive evidence for the presence of self-renewing cells in cervical cancer (13, 18, 19) .
Sphere-derived cells did not express CD34 and CD105, which excluded the possibility of haemopoietic and mesenchymal stem cells. These cells were positive for CD44, which was closely correlated with invasion and metastasis of tumor, and univocally expressed in tumor-initiating cells of epithelial origin (17, 18, 20) . Furthermore, they were positive for CK17, a marker of the HPV target cell-cervical reserve (stem) cell, which give rise to metaplasia (21, 22) . These may provide important insight into understanding recurrence and metastasis of cervical cancer and, to some extent, the genesis of tumorinitiating cells. The genetic mutation resulting from high-risk HPV infection led the stem cells to undergo uncontrolled proliferation and possible tumorigenesis (23) .
To verify the undifferentiated phenotype of these tumorderived spheroids, some gene markers were detected. We found that these sphere-forming cells exclusively expressed Oct-4 and Sox2, the embryonic stem cell (ESC)-related stemness gene (24) . Moreover, Piwil2, a member of PIWI/AGO gene family, which is exclusively expressed in testis and essential for stem cell self-renewal (25) , gametogenesis (26) , small RNA-mediated gene silencing (27) , and translational regulation in various organisms (27) , was stably expressed in spheroid cells. These genes have a conserved function in stem cell division (25) . It is possible that these stemness genes confer the sphere-forming cells the maintenance of undifferentiated state and pleuripotency (24, 25, 28) . Lee et al (29) reported that overexpression of Piwil2 in NIH3T3 cells led to inhibition of apoptosis and promotion of proliferation via the Stat3/Bcl-X(L) signaling pathway. C-myc was also closely associated with stem cell proliferation (30) . To further confirm these, our results showed that the sphere-forming cells from T1-T8 exclusively expressed Stat3 and C-myc.
Cervical cancer patients initially respond well to neoadjuvant chemotherapy and surgical cytoreduction. Neoadjuvant chemotherapy alone can yield several logs of tumor cytoreduction but seldom a cure. The majority of patients who respond to primary chemotherapy ultimately develop recurrent and metastatic disease that is conceivably due to, as occurring in other gynecological tumors, the development of a drug-resistant phenotype. One increasingly accepted hypothesis of chemoresistance posits that standard therapies fail to target tumor progenitors, which are believed to express normal stem cell phenotypes, especially expression of membrane efflux transporters (e.g., ABCG2); (9, 12, 13, 17, 31) . The ABCG2 transporter confers the ability to the drug resistance-associated efflux of many lipophilic chemotherapeutic agents such as mitoxantrone, daunorubicin, doxorubicin, indolcarbazole and others (32) . Consistently, our results showed that these sphere-forming cells, under stem cell-selective conditions, exclusively express ABCG2 and are more resistant to doxorubicin, confirming these stem cell-like characteristics as a potential mechanism for drug resistance.
Our in vitro analyses suggest that these sphere-forming cells derived from cervical cancer have the stem cell-like properties of self-renew and chemoresistance. To test in vivo tumorigenicity we injected equal numbers (10 5 ) of spheroid cells and tumor cells without non-adherent spheroid selection into nude mice. All of the mice injected with spheroid cells developed tumors 10 weeks post-injection, whereas no evident tumor formation was observed in the mice injected with the unselected tumor cells after 12 weeks, demonstrating that the cervical cancer derived sphere-forming cells were enriched for tumor initiating activity. Moreover, sphere-forming cells injection resulted in graft tumors histologically identical to the original primary tumor and tumor neovascularization. Cancer stem cells have been shown to promote tumor angiogenesis through secreting growth factor VEGF (33) and might have the capacity to form blood vessels in tumorigenic environments via transdifferentiation into endothelial-like cells (34, 35) . These may verify the pleuripotency of CSCs, and, to some extent, explain why anti-angiogenic cancer therapy trails are facing serious challenge (36) .
Collectively, our results provide evidence to suggest that CD44 + CK17 + /sphere-forming cervical cancer cells display stem cell properties. Under optimal environmental conditions these cervical cancer stem-like populations are predicted to show self-renewal, chemoresistance, and in vivo tumorigenicity, thereby promoting recurrence of the cancer and possibly metastasis. This experimental system may represent a suitable in vitro model to study cervical cancer stem-like cells and to challenge them with molecularly targeted agents specifically interfering with cervical cancer stem-like cell self-renewal and survival.
